Muscle, joint, and tendon contributions to the torque profile of frog hip joint. Am. J. Physiol. 263 (Regulatory Integrative Comp. Physiol. 32): R586-R590, 1992.-The relative contributions of muscle force, moment arm, and tendon compliance were determined as a function of joint angle in the frog semitendinosus-hip joint system. Muscle, joint, and tendon properties were individually measured and then combined to predict the torque generated at the hip joint as a function of joint angle (i.e., the hip torque profile). Predicted torques were then compared to experimentally measured torques using a stepwise regression model to quantify the relative importance of muscle, joint, and tendon contributions to the hip torque profile. Variation in moment arm accounted for 74% of the variability observed in the hip torque profile, while addition of the muscle's intrinsic sarcomere length-tension property accounted for an additional 19% of the torque profile variability.
Tendon compliance, which permitted a small amount of sarcomere shortening, accounted for only about 4% of the torque profile variability. We conclude that in this muscle-joint system, the relative fiber length-to-moment arm ratio is the major determinant of the shape of the isometric joint profile. The fiber length-to-moment arm ratio in other mammalian systems is also discussed.
fiber length-to-moment arm ratio; muscle-joint interaction; joint torque TORQUE PRODUCED at a joint results from a combination of factors including muscle, tendons, and bones; muscles generate forces that are transmitted to bones via tendons. However, although a great deal is known about basic muscle fiber properties, (7), the tendons to which they attach (3), and the kinematics of the joints about which bones rotate (1, 12) , much less is known about the interaction between these structures. The relationship between isometric torque and knee joint angle (i.e., the torque profile) in the frog hindlimb results from the interaction between skeletal muscle and joint properties, and is not simply a direct reflection of either muscle or joint properties alone (8). In fact, Lieber and Boakes (8) demonstrated that the joint angle where maximum torque occurs is neither the joint angle at which the muscle develops maximum force nor the angle at which the moment arm is maximum.
Similarly, in a theoretical model of human lower limb torque production, Hoy et al. (6) showed that muscles usually generate their maximum force at joint angles which are different from the angle at which joint torque is maximum. The fact that such unexpected results often arise, despite the fact that the properties of the system components are well known, highlights the importance of studying the interaction between components. The complex nature of the interaction between skeletal muscles and tendons has also be,en recently elucidated. For example, using nominal values for tendon stiffness and muscle force, Zajac (14) described the intricate interaction between muscles and their tendons:
R586 "musculotendinous actuators" can have properties that are qualitatively different from the properties of the muscle alone. We recently obtained experimental evidence in support of this interaction showing that frog semitendinosus muscle sarcomeres can shorten considerably due to their series arrangement with the tendon (9, w* Despite these demonstrations of the intricate nature of muscle-joint and muscle-tendon interaction, interaction among all three systems has not been investigated in a single joint system. Therefore, the relative role that muscles, joints, and tendons play in determining the torque profile is not known. Thus the purpose of this study was to identify the relative contribution of muscle, joint, and tendon properties to the experimentally measured torque profile of the frog hip joint. A brief version of this work was reported earlier (11).
METHODS
The experimental model is the semitendinosus muscle and the hip joint of the frog (Rana pipiens). This model was chosen because of the frog's well-defined sarcomere length-tension relationship (5) and because of our previous experiments that defined the biomechanical properties of the frog tendon (9, 10). The protocol was designed such that muscle, joint, and tendon properties could be individually determined, mathematically combined, and compared with a simultaneously measured torque.
Frog semitendinosus muscle preparation. Frogs were killed by double pithing, and then the semitendinosus muscle, pelvis, femur, and tibia were isolated as previously described (n = 15; Ref. 8) . Care was taken to keep the hip joint capsule intact and to maintain the complex in normal frog Ringer (NFR) solution (in mM) 115 NaCl, 2.5 KCl, 2.15 Na,HPO*, 1.8 CaCl,, and 0.85 NaH,PO, adjusted to pH 7.0 and maintained at 10°C throughout the dissection. The pelvis was secured to the rotating portion of a specially designed jig that enabled hip joint rotation to occur while maintaining the muscle and femur in a constant position relative to the force transducer secured to the distal femur (Fig. I) . The entire jig containing the muscle bone complex was mounted on a micromanipulator and immersed in NFR from a chilled l,OOO-ml reservoir that circulated at a rate of approximately 50 ml/min. In this setting, the preparation was stable over ~6 h. Knee joint angle was maintained at 90" of flexion and motion was restricted to the frontal plane using a Kirschner wire splint.
Two cylindrical platinum electrodes attached to a second micromanipulator straddled the muscle, enabling direct muscle activation.
Muscle activation effected hip joint extension torque, which was measured by an orthogonally placed force transducer (model 400A, Cambridge Technology, Cambridge, MA) connected to the distal femur via a 6-O suture. Above this physiological testing apparatus was a video camera that enabled measurement of musculotendinous length and knee angle during repetitive contractions (see below). This was necessary, since muscle contraction caused slight amounts of joint rotation (L-3") and joint compression (0.5-2.0 mm). Experimental apparatus used to measure joint torque, sarcomere length, and moment arm in frog hindlimb. Force transducer is arranged such that hip extension moment resulting from semitendinosus contraction is measured at the distal femur. Note video camera for moment arm measurement and photodiode array for sarcomere length measurement are placed above the chamber and not shown. [From Mai and Lieber (13) .]
Ringer's solution
Sarcomere length measurements.
Sarcomere lengths were measured at each joint angle by transilluminating the muscle with a 5 mW HeNe laser oriented normally to the long axis of the muscle. The laser beam was guided using optical-quality mirrors and attenuated as needed using a linear neutral-density gray wedge mounted on a micromanipulator (model 4320, each joint angle, three measurements of sarcomere length were made in the proximal, middle, and distal ST regions and averaged to yield a single value for sarcomere length at that angle.
Experimentalprotocol.
Hip joint angle was initially set to 90' and the muscle was maximally stimulated at 60 Hz with a field muscle fatigue or specimen deterioration. Each symbol represents mean Initially, the muscle was contracted six times at a hip joint ' SE for l5 'pecimens* angle of 90" (measured as the included angle between the posterior surface of the femur and the spine) to standardize the Double pulses were used to compensate for the relatively comstarting conditions. Then, hip joint angle was varied from 30" to pliant muscle-tendon unit and long sutures (2). Then the muscle 140" in IO" increments with sarcomere length measured at each was maximally stimulated at 60 Hz for 1.2 s, yielding the value angle. Finally, hip joint angle was returned to 90" and three for maximum tetanic tension (P,). After determination of P,, stimulations were effected to correct for fatigue on a muscle-by-the muscle was excised, tendon length was measured, and the muscle basis (Fig. 2) . In practice, this was not necessary as muscle was fixed in 10% phosphate-buffered Formalin for armuscles did not fatigue significantly over the ninety-minute chitectural determination (8). testing period (P > 0.4).
Moment arm measurement. &loment arms were measured by After the last contraction at 90", the distal ST tendon was videotaping the configuration of the muscle-joint complex durdirectly connected to the force transducer with 6-O suture. ing the contraction for which torque was measured, following Through the use of double pulses, the muscle was contracted An et al.
(1). It was necessary to make these measurements from and set to the length at which tension was maximum (L,). videotaped records due to joint laxity which permitted slight (0 where r is moment arm (mm), + is hip joint angle (radians), and s is muscle-tendon length (mm). Such raw muscle-tendon length vs. joint-angle curves were fit to a third-order polynomial, which was then differentiated to yield moment arm vs. joint angle using Eq. 1. Similar moment arms were obtained using other equations and polynomials of different orders. However, since the correlation coefficients for the raw data curve fits using most equations always exceeded 0.93 (range 0.93-0.99), third-order polynomials were used for convenience.
Data analysis. For each specimen, sarcomere length vs. joint angle, joint torque vs. joint angle, muscle moment arm vs. joint angle, P,, tendon length, and muscle fiber length were determined.
It was thus possible to compare the mathematical combination of these variables with the experimentally measured joint torque. Joint torque as a function of hip joint angle [i.e., ~((a)] was calculated as
where F, was the force measured at the transducer secured to the femur, and t(a) was the distance from the point of transducer attachment along the femur to the instantaneous joint center.
To quantify the relative contribution of each parameter to the experimentally measured torque profile (obtained using Eq. 2), three torque profiles were calculated using muscle, joint, and tendon parameters sequentially.
First, using only muscle maximum tetanic tension and joint kinematics
where r(a) was the muscle moment arm function determined experimentally. Second, using joint kinematics and the muscle length-tension property
where %P,,(SL) represented the relative muscle force as a function of sarcomere length (5). Finally, using joint kinematics, muscle properties, and correcting for tendon compliance
where %P,,( SL, P) represented the sarcomere length-tension relationship (5), which was corrected for the change in sarcomere shortening due to tendon compliance (9). Briefly, this formula was obtained by generating loadstrain curves on isolated semitendinosus muscle-tendon units and then formulating a computer model to predict sarcomere shortening as a function of tension (cf., Fig. 7, Ref. 9) .
To compare the calculated results using Eqs. 3-5 with the experimental results from Eq. 2, the coefficient of determination between each of Eqs. 3-5 and Eq. 2 were calculated using standard statistical equations. Each data set was screened for normality and skew to ensure appropriate application of this parametric equation.
RESULTS
Muscle and joint properties. The plot of sarcomere length vs. hip joint angle follows approximately the same relationship described previously by Mai and Lieber (13). With the hip near full extension, sarcomere length is only -2.0 pm, whereas near full flexion, sarcomere length increases to -3.0 pm (Fig. 3) . According to the sarcomere length-tension relationship reported by Gordon et al. (5), these data predict that the muscle would develop maximal tension with the hip joint extended to 20-40' and only -50% maximum with the joint flexed.
Kinematically, the relationship between hip joint moment arm and joint angle was well described by an innervated parabola (Fig. 4) . Maximum moment arm occurs at a joint angle of 70-80" and decreases at larger and smaller angles. Note that moment arm varies greatly throughout the range of motion and is thus likely to strongly influence the nature of the torque profile.
The experimentally measured torque profile demonstrates a relatively strong dependence of torque on joint angle (Fig. 5) . Near full extension (30"), torque is only about one-third of that demonstrated at the optimal joint angle of 70". As the joint is further flexed, torque drops precipitously to a level equivalent to only -15% of the torque at the optimal joint angle. Interestingly, optimal joint angle is approximately the same as the angle at which maximum moment arm occurs but is not at the same angle where muscle force is maximal.
Comparison between experimental and calculated torque profiles. Muscle, tendon, and joint angle contributions to the torque profile were calculated as described in METH-ODS. First, torque was calculated as the simple product of P, and r(@) (Eq. 3; Fig. 5A ). Note that the use of r(@) and P, alone provides a fair approximation of the observed torque-angle relationship.
This suggests that moment arm plays a large part in determination of the torque profile and is supported by the relatively large coefficient of determination (r2 = 0.74, P c 0.01). Both peaks occur at -70' of flexion and decreased at larger and smaller angles. However, the curves deviated from one another, especially at larger hip joint angles.
When the sarcomere length-tension relationship is included (using Eq. 4), the fit between calculated and observed torque improves (Fig. 5B, r2 Therefore, while the variation in moment arm ac-4 1 C counts for -74% of the observed experimental variability, the addition of intrinsic muscle properties accounts for an additional 19% of the variability. Finally, the effect z3 z of including tendon compliance (using Eq. 5) is relatively E small. Predicted sarcomere length changes due to tendon z2 compliance rarely exceed 0.2 pm, and this occurs only in $ the region of the torque profile where muscle force is 21 + maximum (Fig. 5C ). Inclusion of tendon compliance significantly increased the correlation between experimental and predicted torques, but only by 4% (r2 = 0.97, P < 0.05). Upon inclusion of all available experimental data, we described 97% of the experimental variability. . A: torque profile calculated using only maximum tetanic tension (P,,) and moment arm (r2 = 0.74, P c 0.01). B: torque profile calculated using PO, moment arm, and muscle length-tension relationship (r2 = 0.93, P < 0.01). C: torque profile calculated using PO, moment arm, muscle lengthtension relationship, and correction for tendon compliance (r2 = 0.98, P < 0.05).
DISCUSSION
The purpose of this paper was to use measured muscle, tendon, and joint properties to provide a complete description of the semitendinosus isometric torque profile in the frog hindlimb. We found that, in this preparation, the moment arm dominated the nature of the torque curve accounting for XO% of the variability in the torque profile. The intrinsic isometric properties of the muscle, i.e., the length-tension relation, explained an additional 20% of the variability, whereas tendon compliance accounted for only a few percent of the variability in the data. Thus, in the frog semitendinosus hip-torque generating system, the relative importance of the various factors in determining the shape of the torque profile was, in order: moment arm > muscle intrinsic properties > tendon properties. Muscle-joint interaction. While this study provides a relatively complete description of the relative contribution of joint angle, semitendinosus muscle force and tendon compliance to the torque about the frog hip joint, it would be inappropriate to generalize this result to all muscle-joint systems. This caution is based on the fact that the change in sarcomere length as a function of joint angle is a direct function of the ratio between muscle fiber length and moment arm. As the fiber length-to-moment arm ratio increases, sarcomere length changes a smaller amount for a given joint angle rotation resulting in less muscle force change. Consequently, as this ratio increases the intrinsic muscle length-tension properties contribute less to the torque profile. In the frog semitendinosus hipjoint system, this ratio is approximately 3:1 (15 mm fiber length/6 mm moment arm). It is clear, however, that fiber length-to-moment arm ratio is not a constant for all muscle-joint combinations.
For example, in the human lower limb Hoy et al. (6) have calculated that the fiber lengthto-moment arm ratio varies from -0.8 (for the soleus muscle acting at the ankle), to -80 (for the gluteus medius acting at the hip). We would thus predict gluteus medius sarcomere length change during hip rotation to be relatively unimportant compared with the kinematics of the hip joint, whereas soleus fiber sarcomere length change during ankle rotation would be significantly more important.
Muscle-tendon interaction. Similarly, it is also not surprising that tendon compliance had a relatively small effect on the torque profile of the frog hip joint. In his recent review, Zajac (14) suggested that the compliance of a muscle-tendon actuator was dependent on the relative length of the muscle fibers compared with the tendon. We recently performed explicit measurements of the compliance of the connective tissue in series with the frog semitendinosus muscle fibers and found them to be of varying stiffnesses along the length of the connective tissue. For example, the aponeurosis was five times as compliant as the tendon near the bone-tendon junction (10). With the use of these biomechanical data, sarcomere length was predictably shortened at the expense of the tendon lengthening under the conditions of a fixed-end contraction at various muscle-tendon lengths (9). Sarcomere length shortening was found to be relatively small with the maximum amount of length shortening -0.3 pm at an initial sarcomere length of 2.45 pm. Using the theoretically derived relationship between sarcomere length change and initial sarcomere length, we predicted the amount of sarcomere length shortening that must have occurred during our experimentation (because we measured the starting sarcomere length under all conditions) and therefore determined the relative influence of this magnitude of tendon lengthening. Tendon compliance in this system had an almost negligible effect, explaining only -3% of the data. That O-O.3 pm of sarcomere shortening would have such a small effect on the torque profile is not surprising. This is because the region of the torque profile in which maximum sarcomere shortening occurred is that region from 20 to 60" (Fig. 3) where sarcomere length varied from ~2.0 to 2.3 pm and muscle force was maximum. Since the length-tension curve has a plateau over the range 2.0-2.2 km, sarcomere shortening at these lengths results in no force change. In addition, sarcomeres shortening from ~2.0 pm to 1.8 pm would only change force by w 5%. This relatively small force change is dominated by the large change in moment arm that occurs at these angles. This result is not necessarily the rule for any muscle-joint-tendon system, but occurs in this particular system due to the relative angles at which muscles and joints generated their maximum effects in conjunction with the compliance of the tendinous attachments.
While we have demonstrated the relative importance of muscle, joint, and tendon properties in determining the torque profile of the semitendinosus-hip complex, a number of other muscle-joint systems need to be studied to elucidate the general design principles by which the musculoskeletal system operates. Such an understanding is fundamental to complete description of the physiological basis of performance as well as in providing the rationale for surgical transposition of skeletal muscles. 
